Mitochondria generate second messengers, such as H 2 O 2 , that are involved in the redox regulation of cell signalling and their function is regulated by several cytosolic signalling pathways. IIS [insulin/IGF1 (insulin-like growth factor 1) signalling] in the brain proceeds mainly through the PI3K (phosphatidylinositol 3-kinase)-Akt (protein kinase B) pathway, which is involved in the regulation of synaptic plasticity and neuronal survival via the maintenance of the bioenergetic and metabolic capacities of mitochondria. Conversely, the JNK (c-Jun N-terminal kinase) pathway is induced by increased oxidative stress and JNK translocation to the mitochondrion results in impairment of energy metabolism. Moreover, IIS and JNK signalling interact with and antagonize each other. This review focuses on functional outcomes of a metabolic triad that entails the co-ordination of mitochondrial function (energy transducing and redox regulation), IIS and JNK signalling, in the aging brain and in neurodegenerative disorders, such as Alzheimer's disease.
Introduction
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in the regulation of redox-sensitive signalling and transcriptional pathways and the resulting cellular responses [4, 5] .
Hence, mitochondrial function cannot be viewed secluded from either the co-ordinated signalling responses that they trigger or the cytosolic signalling molecules they are recipients of, such as MAPKs (mitogen-activated protein kinases) and the PI3K (phosphatidylinositol 3-kinase)-Akt (protein kinase B) pathway of IIS [insulin/IGF-1 (insulin-like growth factor 1) signalling]. Both the IIS and JNK (c-Jun Nterminal kinase) signalling pathways elicit profound changes in mitochondrial function, thus establishing an intricate signalling network with close connections to mitochondrial bioenergetics and biogenesis and redox homoeostasis. From a cell signalling perspective, brain aging is associated with the activation of JNK pathways and reduced levels of insulin/IGF-1 and their receptors [6, 7] . Therefore a co-ordinated metabolic triad encompassed by mitochondria, IIS and JNK signalling acquires further significance in brain aging and the progression of neurodegenerative disorders. on the IR (insulin receptor) and the IRS (IR substrate). It further activates PI3K-Akt signalling, which regulates several cellular processes, such as inhibition of the proapoptotic GSK3β (glycogen synthase kinase 3β), inactivation of FoxO1 (forkhead box O1) transcription factor, and increased coupling of glucose metabolism by promoting the VDAC (voltage-dependent anion channel)-hexokinase-2 interaction. Accumulating evidence suggests that declined levels of circulating IGF-1 and impairments of IIS in the brain contribute to the age-dependent cognitive decline and Alzheimer's disease and that insulin resistance observed in diabetes constitutes a risk factor for Alzheimer's disease [8] .
In the brain, IIS signalling occurs mainly through the PI3K-Akt pathway, which is involved in the regulation of synaptic plasticity and neuronal survival via energy metabolism, inactivation of the pro-apoptotic machinery, and the induction of long-term potentiation and depression [9] . Brain glucose uptake and utilization is regulated by IIS. GLUT (glucose transporter) 4, present in neurons, is sensitive to insulin signalling: Akt phosphorylates AS160, thus facilitating its dissociation from GLUT4 storage vesicles, preventing inactivation of Rab-GTP [10] and enhancing translocation of the GLUT4 to the plasma membrane. A similar effect was observed for GLUT3 trafficking, which was induced by increased neuronal activity and mediated by the NMDAR (N-methyl-D-aspartate receptor)/Aktdependent nNOS (neuronal nitric oxide synthase)-cGMP-PKG (protein kinase G) pathway [11] . The enhanced biosynthesis of GLUT3 in rat neurons is also induced by chronic insulin administration [12] .
The PI3K-Akt pathway exhibits neuroprotective properties by mechanisms entailing inhibition of proapoptotic Bcl-2 family members (Bad) and phosphorylation of FoxO factors, that results in shuttling of phosphorylated FoxO from the nucleus to cytosol, thereby preventing the transcription of FoxO-driven pro-apoptotic and haem degradation genes [13] . Also, the anti-apoptotic effect of PI3K-Akt signalling is a consequence of phosphorylation and inhibition of GSK3β that, in its active form, phosphorylates anti-apoptotic Bcl-2, Bcl-xL and Mcl-1 [14] . Insulin prevents the release of cytochrome c in the reperfused brain in a PI3K-dependent way [15] . The role of IIS in astrocytes is less well-described, although it promotes glycogenesis and proliferation in astrocytes [16] . Delivery of the IGF1 gene to astrocytes reduces their inflammatory response to lipopolysaccharide [17] . Insulin increases the total and surface expression of glutamate transporter GLT1 in astrocytes by a pathway involving the PI3K-Akt/mTOR (mammalian target of rapamycin) signalling cascade, thus playing a role in astrocyte reactivation after CNS (central nervous system) injuries [18] . Given their essential role in removing excessive neurotoxic glutamate from the extrasynaptic space, increased GLT1 expression by insulin could be involved in the attenuation of excitotoxicity.
Among its various effects, the IIS impinges on mitochondrial function directly: insulin signalling was shown to support the functional integrity of the electron-transfer chain by suppressing the FoxO1-HMOX1 (haem oxygenase 1) pathway. IIS is believed to regulate mitochondrial biogenesis through alterations in NAD + /NADH values and subsequent activation of the SIRT1 (sirtuin 1)-PGC1α (peroxisome-proliferator-activated receptor co-activator 1α) pathway [13] ; conversely, another study provided evidence that insulin and IGF-1 attenuated SIRT1 activation induced by caloric restriction [19] . Upon insulin stimulation, active Akt is also able to translocate to mitochondria in human neuroblastoma cells where it phosphorylates a constitutive form of GSK3β and the β subunit of ATPase [20] , a viable mechanism to stimulate the energy-transducing capacity of mitochondria.
Mitochondrial H 2 O 2 originates from the stoichiometric disproportionation of O 2
• − [21] and is regulated by four main determining factors [22] : the ratios of reduced/oxidized pyridine nucleotides, reduced/oxidized coenzyme Q, the local mitochondrial (O 2 ) and the inner membrane potential. Mitochondrial H 2 O 2 is involved in the regulation of insulin signalling, owing to the redox-sensitive cysteine residues in the IR, IGF-1 receptor and IRS. Oxidation of cysteine residues to Cys-OH, Cys-SG (S-glutathionylation) or disulfides promotes tyrosine autophosphorylation of the IR [23] , as well as the inhibition of tyrosine phosphatase [e.g. PTP1B (protein tyrosine phosphatase non-receptor type 1)] and lipid phosphatase (PTEN; phosphatase and tensin homologue deleted on chromosome 10), which are both negative regulators of IIS through the dephosphorylation of IR/IRS and PIP 3 (phosphatidylinositol-3,4,5-trisphosphate) respectively.
Insulin induces the generation of low levels of H 2 O 2 directly, which is essential for the initial activation of insulin pathway (redox priming) [24] . H 2 O 2 generated by mitochondria plays a significant role in the activation of the IR (tyrosine autophosphorylation) in neurons upon insulin stimulation: the mitochondrial uncoupler FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) diminishes not only mitochondrial respiration, but also insulin-induced H 2 O 2 production and phosphorylation of IR [23] . Therefore the activation of IIS without the involvement of ligandreceptor binding through the redox priming mechanism, suggests that endogenous H 2 O 2 generated by mitochondria could have important roles in the regulation of a wide variety of cellular functions through the IIS. However, this concept needs to include the spatial regulation of H 2 O 2 signals, such as its formation at specific cellular compartments, the occurrence of H 2 O 2 gradients and the modulation of H 2 O 2 removal systems close to the site of generation [25, 26] . Furthermore, in NIH 3T3 cell lines, mitochondrial H 2 O 2 is involved in the translocation and incorporation of cytosolic Akt (phosphorylated at Ser 473 ) into mitochondria; once in mitochondria, Akt is further phosphorylated at Thr 308 , a step required for its further shuttling to the nuclei [27] . These results indicate a functional role of mitochondrial energetic and redox function in the modulation of the IIS.
JNK signalling and mitochondrial function
JNK is involved in the regulation of several cellular responses including transcription, survival and apoptosis upon diverse stimuli [28] . As a pro-apoptotic kinase, activated JNK phosphorylates 14-3-3 proteins, a cytosolic anchor of Bax, thereby facilitating the translocation of Bax to mitochondria, which further initiate mitochondriondependent apoptosis [29] . JNK signalling is also implicated in inflammatory responses in astrocytes: JNK is activated in primary glia cultures in response to TNF (tumour necrosis factor) α/β, IL-1 (interleukin 1), protein synthesis inhibitors, bacterial sphingomyelinase, cell-permeable ceramide, UV light, heat shock and mechanical injury [30] . JNK activation in the brain is associated with intracellular β-amyloid accumulation and neuronal death in animal models of Alzheimer's disease and in patients [31] .
Anisomycin-or H 2 O 2 -mediated activation of JNK in the cytosol of primary cortical neurons results in its translocation to mitochondria. Upon association of active JNK with the outer mitochondrial membrane, several mitochondrial proteins are phosphorylated [32] , among them the antiapoptotic proteins Bcl-2 and Bcl-xL, thereby regulating mitochondrion-driven apoptotic signalling. The association of JNK with the outer mitochondrial membrane initiates a phosphorylation cascade that leads to the phosphorylation of the E 1α subunit of the PDH (pyruvate dehydrogenase) complex (and inactivation of the complex activity) [33] . PDH bridges cytosolic anaerobic and mitochondrial aerobic energy metabolism and its inhibition results in a bioenergetic deficit expressed as a decrease in cellular ATP levels and an increase in lactate formation; the latter suggests a compensatory effect by anaerobic glycolysis. The phosphorylation cascade triggered upon association of JNK with the outer mitochondrial membrane is likely to be mediated by pyruvate dehydrogenase kinase-2 [34] . JNK bisphophorylation (activation) and its association with the outer mitochondrial membrane increased as a function of age in rat brain [34] ; this was associated with a decreased in PDH activity and subsequent deficit in energy metabolism. Thus JNK is an important negative regulator of mitochondrial metabolic function. Of note, PDH activity was reduced in the cortex of Alzheimer's disease patients, suggesting a mitochondrial energy deficit and impairment of calcium homoeostasis [35] . Also RCAN1 (regulator of calcineurin 1) is overexpressed in Alzheimer's disease and other neurodegenerative disorders and this overexpression results in a shift of cellular bioenergetics from aerobic respiration to glycolysis as well as induction of mitochondrial autophagy [36] . nNOS expression and activity also increase in brain as a function of age and the increased levels of nitric oxide diffusing into mitochondria, the cellular site of superoxide anion generation, results in peroxynitrite formation and subsequent nitration of ATPase at Tyr 269 that results in its inactivation [37] .
JNK is redox sensitive. Oxidative stress conditions, entailing also enhanced generation of mitochondrial H 2 O 2 , result in its activation. JNK activation by elevated mi- tochondrial H 2 O 2 production can be induced by the knockdown of the mitochondrial NNT (nicotinamide nucleotide transhydrogenase) [38] . NNT is an important source of mitochondrial NADPH, which is required for the maintenance of the glutathione and thioredoxin systems and, hence, NNT is involved in the regulation of mitochondrial H 2 O 2 steady-state levels. H 2 O 2 -mediated activation of JNK (and p38) may be effected upon dissociation of thioredoxin from the ASK1 (apoptosis signal-regulating kinase 1) complex [39] or of the GST (glutathione transferase)-JNK complex [40] , or inhibition of MAPK phosphatases [41] . The interaction between JNK activity and mitochondrial metabolic-redox status may partly control the cellular energy and redox environments ( Figure 1 ) and be involved in processes leading to the loss or decline of cell function that occurs with aging.
IIS-JNK interactions
The JNK pathway has been identified as a negative feedback regulator of the IIS signalling and is involved in the regulation of insulin resistance, thus linking environmental stress challenges to metabolic function. JNK phosphorylates the IRS at Ser 307 (Ser 312 in human IRS1), thus counteracting the insulin-mediated phosphorylation of IRS, a tyrosine residue [42] . Activated JNK decreases Akt activity and glucose transport activity [43] . Brain tissue from Alzheimer's disease patients exhibit impaired IRS-mediated signalling in terms of elevated levels of IRS1 phosphorylation at serine residues and activated JNK. In hippocampal neurons, Aβ oligomers induce phosphorylation of several serine residues of IRS1, and inhibit physiological IRS1 phosphorylation at tyrosine through the JNK-TNF-α pathway [44] . This suggests the pivotal role of the IIS-JNK interactions in regulating neuronal function and provides potential therapeutic targets for multiple age-related neurodegenerative disorders.
FoxO, which is negatively regulated by the PI3K-Akt pathway, can be activated by JNK through direct phosphorylation or indirectly through the phosphorylation of 14-3-3 protein [42] . The release of FoxO from this complex promotes the translocation of FoxO to the nucleus. Mice with inactivated JNK1 in the hypothalamus and pituitary glands exhibited improved insulin sensitivity as well as improved glucose metabolism with high-fat feeding [45] . Systemically, JNK inhibits IIS activity by repressing insulin and insulinlike peptide expression and secretion in β cells [46] , and could represent the interaction between the neuronal function and systemic environment.
Conversely, Akt inhibits JNK activation through the in vitro and in vivo phosphorylation of MLK3 (mixed lineage kinase 3) [47] . In primary neurons, Akt regulates JNK signalling by binding to the JIP1 (JNK-interacting protein 1): the Akt-JIP1 interaction prevents the binding of JIP1 to specific JNK targets, thereby reducing apoptosis elicited by excitotoxicity [48] . In addition, Akt is found to inhibit ASK1 activity and its downstream activation of JNK [49] .
In ischaemic brain injury, Akt and JNK phosphorylate Bad at two distinct sites, the Akt-mediated phosphorylation leads to neuronal survival whereas JNK-mediated phosphorylation promotes apoptosis. The balance between the survival and death signals determines the fate of neurons [50] . At a systemic level, overactive IIS may lead to increased stress sensitivity and decreased lifespan, whereas reduced IIS may result in metabolic dysfunction [42] ; conversely, excessive JNK activity leads to insulin resistance and neurodegeneration. Therefore an appropriate balance between the IIS and JNK signalling ought to be maintained in order to achieve optimal metabolic and redox homoeostasis in the brain and peripheral tissues. Both PI3K-Akt and JNK signalling are redox sensitive. As PI3K-Akt and JNK signalling elicit distinct downstream responses, the imbalance of these two pathways (partly induced by different cellular levels and spatial distributions of H 2 O 2 ) is expected to disrupt cellular co-ordinated responses. These disparate effects of mitochondrial H 2 O 2 require quantitative and spatial assessments in connection with redox-sensitive IIS and JNK signalling.
Perspective
The interactions between IIS and JNK signalling pathways in the brain, their regulation by mitochondrially generated signals, and how these signals have as impact on mitochondrial function constitute co-ordinated responses essential to neuronal function and the cognitive decline associated with aging as well as with several neurodegenerative disorders. As an early event that occurs in brain aging and neurodegeneration, the decline in brain energy metabolism could potentially be attenuated by therapeutic/nutriceutical approaches that affect IIS and JNK signalling pathways.
However, the complexity of the antagonism and cross-talk between IIS and JNK signalling and how they converge on mitochondrial function requires a thorough understanding of the mechanistic basis of the mitochondria-IIS-JNK triad, a prerequisite for the design of efficacious and safe approaches to restoring the delicate balance between these pathways.
